Abstract. We report on large-scale non-equilibrium molecular dynamics (NEMD) simulations of shock wave compression in Ta single crystals. The atomic interactions are modeled via a recently developed and optimized embedded-atom method (EAM) potential for Ta, which reproduces the equation of state up to 200 GPa. We examined the elastic-plastic transition and shock wave structure for wave propagation along the low index directions: (100), (110) and (111). Shock waves along (100) and (111) exhibit an elastic precursor followed by a plastic wave for particle velocities below 1.1 km/s for (100) and 1.4 km/s for (111). The nature of the plastic deformation along (110) is dominated by twinning for pressures above 41 GPa.
INTRODUCTION
Tantalum is a bcc transition metal whose simple phase diagram exhibits no known solid-solid phase changes with pressure or temperature. Due to its high melting temperature and strength, it is widely used in the production of high-temperature superalloys for many technological applications. Recently, there has been an increased interest in the mechanical and strength properties of Ta at high pressures and high deformation strains and strainrates. While there have been many computational studies of thermal and mechanical properties of Ta at high pressures [1] , [2] , there has been, to date, no systematic simulation study of the dynamical response of Ta to shock wave and high strain rate loading. We have carried out large-scale nonequilibrium molecular dynamics (NEMD) simulations of shock-wave propagation in Ta single crystals along the low-index directions (100), (110), and (111). The atomic interactions were modeled by a newly developed embedded atom method (EAM [3] ) interatomic potential. Plastic deformation mechanisms, anisotropic shock wave structure, and Hugoniot elastic limits were examined as functions of crystal orientation for pressures up to 200 GPa.
METHODOLOGY
Several semi-empirical interatomic models of Ta have been developed over the years. These include models based on EAM [4] , [5] as well as the Finnis-Sinclair (FS) parameterization scheme [6] - [9] . Except for Refs. [7] and [9] , these potential models were not specifically developed for high pressure-high temperature applications. As a result, high-pressure properties are reproduced with various degrees of success. Since Ta has no known solid-solid phase changes with pressure, one criterion we employed to test the transferability of several interatomic potential models was the stability We developed a new EAM interatomic potential of Ta with the goal of extending the range of transferability of the model with no solid-solid phase transitions within 0-460 GPa (T = 0). The fitting database included both experimental and density functional theory (DFT) data: lattice constant, cohesive energy, unrelaxed vacancy formation energy, elastic constants, equation of state (EOS) of various phases: bcc, fcc, hcp and A15. Details on the functional forms and quantitative comparisons with experimental and DFT data will be provided in a forthcoming publication [10] .
Shock compression was studied via large-scale (multi-million atom) non-equilibrium molecular dynamics (NEMD) simulations. The procedure we employed to initiate a shock wave of a given strength is detailed in Ref. [11] : the crystal impacts an infinitely massive piston with a velocity u p . The velocity of the slab against the piston was ramped linearly from 0 to u p in 5-10 ps, in order to minimize heating near the impact surface. The impact produces a shock wave that propagates away from the piston at shock velocity u s . The targets consisted of Ta rectangular slabs with cross sections of (20 nm × 20 nm) and (66 nm × 66 nm) and up to 500 nm long. Periodic boundary conditions were imposed in the transverse (x-and y-) directions and free boundaries in the longitudinal direction (shock direction). The initial temperature of the Ta sample was set to 300 K.
We also carried out constant-stress Hugoniostat simulations in order to probe longer time scales (~100 ps) and sample more points along the Hugoniot. Details of the method can be found in [12] . The simulation samples were comprised of up to 100,000 particles in a cube. The uniaxial compression was applied along the low-index crystallographic directions (100), (110), and (111), and the strain-rate was selected to approximate the rise times of the shock profiles in the NEMD simulations. Figure 2 shows the u s -u p Hugoniot of Ta for shocks along (100), (111), and (110). Also shown is a fit to experimental data from Refs. [13] and [14] , extrapolated to zero pressure. All three directions exhibit a split-wave regime, with shocks along (111) exhibiting the highest longitudinal stress at the overdriven point and (110) having the lowest (115 GPa and 47 GPa, respectively). Shock profiles along (100) and (111) directions are characterized by a solitary wave train ahead of the elastic precursor for particle velocities below the overdriven (OD) point. This can be seen in Fig. 3 , which shows typical stress and atomic configuration profiles in the split-wave regime for shocks along (100) and (111). The critical shear stress at the Hugoniot elastic limit (τ HEL ) can be inferred from the shear stress profile of the elastic precursor and more accurately from Hugoniostat simulations. The values of τ HEL for (110), (100), and (111) are 5.0, 12.5, and 14.5 GPa, respectively. 
RESULTS AND DISCUSSION

Shock-induced twinning in Ta
The primary plastic deformation mechanism for shock wave propagation along (110) is clearly different than for (100) and (111) shocks. Deformation twinning is the main stress relaxation mechanism in shock wave propagation along (110) for values of u p between 0.60 and 1.00 km/s (40-90 GPa). Twins nucleate at the shock front, quickly grow, and thicken behind the shock (see Fig. 4 ). The thickening of the twins is accompanied by dislocation nucleation and multiplication, consistent with inelastic strain buildup produced or accompanied by thickening of the twins. This can be seen in greater detail in Fig 5, which shows a The fact that deformation twinning is observed in (110) at lower stress levels than in (100) and (111) [the shear stress at the HEL in the (110) direction is the lowest of the three] indicates that this is the easiest direction for deformation twinning, perhaps due to a preferred orientation between parent and twin lattices. However, once they are nucleated, dislocations nucleate between the twins, further reducing the shear stress. Twin bands continually anneal out behind the shock front in those regions where the shear stress drops below 1-1.5 GPa.
At higher shock compressions and corresponding higher stress levels, deformation twinning competes less with dislocation nucleation. For particle velocities above 1.2 km/s, twins are no longer nucleated at the shock front (Fig. 6) . 
CONCLUSIONS
We have carried out large-scale NEMD and Hugoniostat simulations of shock wave compression of Ta single crystals, examining the nature of the plastic deformation and elastic limits as functions of crystal orientation. All directions studied [(100), (110), and (111)] exhibit two-wave structures for particle velocities between 0.6 km/s and 1.0 km/s. Shocks along (100) and (111) exhibit a solitary wave train ahead of the elastic precursor. The plastic deformation in these two directions is characterized by dislocation nucleation and multiplication, with densities that increase with pressure to values of 10 13 cm -2 at pressures of 80-90 GPa. In contrast, plastic deformation in shock compression along (110) is due primarily to the formation of twins that nucleate at the shock front. However, for particle velocities above 1.2 km/s (~90 GPa), twinning no longer is the main precursor to plastic deformation. Above this pressure, the defect structures and densities along (110) are very nearly the same as to those found in (100) and (111) shocks at corresponding pressures.
